Abstract-An approach is presented in which the time an RF signal is delayed in propagating through a Cassegrainian antenna can be determined. The approach is based on the recognition that both the group delay (time) and the envelope delay (time) can be obtained from the antenna transfer function. Two antenna transfer functions are derived. The delay time under various antenna operating conditions is discussed.
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points per diameter. It is also possible to apply the method in the plane of a Cassegrain or Gregorian focus, scanning up to a distance increased by the magnification factor m. In this case the resulting u from (20) is a combination of the surface deviations of both primary and secondary mirror, and of all misalignments of the secondary which will also show gravitational deformations depending on the elevation angle.
IV. THE MEASURING ERROR
The rms error Au of the deviations u are for the suggested two-feed method the same as for the method of Scott and Ryle [6] who derive n h 4rrR AU =-, (21) if n2 surface points are to be measured and where h is the wavelength, R is the signal-to-noise ratio at the reference feed for an integration time t equal to the duration of a scan sample, or l/n2 of the total observing time for a given telescope pointing which is limited to one or two hours because of the changing gravitational deformations. The signal/noise is proportional to R --,
where S is the flux of the source, 77 -exp [ -( 4 7 r~~/ h )~] is the aperture efficiency, b is the bandwidth, t -n-2 is the sample integration time, and T is the system noise temperature. Thus We see that Ao -n2 for a limited total time. The best wavelength h should be chosen such that (23) is minimized, which depends on the available receivers ( T and b ) and radio sources ( S ) . For many cases, observations at the strong waterline may be best, at h = 1.35 cm.
In case of continuum observations, we use S -v-k -hk, where v is the frequency and k the spectrum index; we shall assume b -v -h-l and T = constant for simplicity. Then Au-n 2 h 1 . 5 -k e ( 4 n o~/ A ) 2 (24) which has its minimum at For example, x = 14oo for k = 0 (flat spectrum), and h = 21u0 for k = 0.8 (normal spectrum). We see that the best wavelength is about the same as the shortest wavelength of observation, usually adopted as l6oO, where the efficiency is degraded by a factor of two.
V. NOTES REGARDING APPLICATION
Up to now we considered feed 1 as staying always at the focus. However, then the finite feed sizes prevent feed 2 from scanning the important center region of the beam. Thus we need two locations for feed 1; the second location so far off axis that feed 2 now can scan whatever region it missed in the first case. Conversion from one case to the other can be done if the second location of feed 1 had formerly been occupied by feed 2; then the phase difference and the amplitude ratio between the two locations are both known.
For the feed illumination pattern I(0, a), we have neglected any phase errors which actually may amount up to 20'-30'. They should be measured before the feed goes on the telescope and can then be corrected. Mutual coupling between the two feeds was estimated to be about 40 dB down and was regarded neghgible.
Maintaining phase calibration as one of the feeds is moved could impose a problem. If so, one should mount a transmitter with a constant-wave signal at the telescope vertex.
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NOTE ADDED IN PROOF
The possibility of a two-feed was already mentioned by Shenton and At some stations the same antenna is also used in a microwave ranging system to determine the distance of the spacecraft from the station. In the latter application, the signal delay function are presented. It is seen that the Cassegrainian antenna time through the antenna system must be properly accounted is essentially a nondispersive device over a narrow band when for in order to accurately determine the range of the space-only the primary path (nonmultipath) signal is considered. craft [ 11. Accurate determination of the signal delay time through the antenna system is also critical to the success of 11. THE RANGING PROBLEM very long baseline interferometer (VLBI) systems useful in many disciplines of science [ 21 .
There are two common concepts of the signal delay time: those of the group delay (time) and the envelope delay (time). All RF signals have a finite bandwidth and can be considered to be a wave packet consisting of different frequency components. The group delay is the time it takes a particular frequency component to propagate through a microwave device or medium. The envelope delay is the time it takes the envelope of the RF signal to propagate through the device or medium.
The domain of application of each concept is largely dictated by the propagating medium or device. Generally speaking, an envelope delay time can be. defiied when the signal waveform emerging from-the propagating medium or device is nearly identical to that entering the medium or device. If the two waveforms are identical, the propagating medium or device is said to be distortionless. Examples of distortionless media are the free space and TEM transmission lines. Signal distortion in propagating through a medium or device arises if either the amplitude of each frequency component is unevenly attenuated (or amplified) or the group delay time varies with each frequency component. In the latter case, the medium or device is said to be dispersive. A common dispersive device is a piece of waveguide. The group delay time assumes special significances and is often discussed in the context of a narrow-band signal propagating in a dispersive medium. In this case the group In practice there are a large number of microwave ranging and VLBI systems operating on narrow-band signals. For these systems the group delay time is the only delay time that needs to be considered. For systems operating on wider band signals, it should be recognized that the two delay concepts are not equivalent. Furthermore, the envelope delay is not always clearly definable but is dependent on the condition that the output waveform is not significantly distorted from the input waveform of the antenna. Under this condition the envelope delay can be established by comparing the time dependence of the input and output signals.
A theoretical approach to determine both the signal group delay and envelope delay through the Cassegrainian antenna is L presented herein. In this approach an antenna transfer function is first derived. From the transfer function, the group delay can be computed from a differentiation operation. Determination of the envelope delay requires first determining the time-dependent waveform of the RF signal leaving the antenna. This is accomplished by performing a Fourier transform using the transfer function and the (frequency domain)
-input signal, The envelope delay can then be determined by comparing the time dependence of the RF signal leaving the antenna with that entering the antenna.
With the understanding of the relations between the antenna I delay characteristics and its transfer function, the problem of finding the group delay time through the antenna becomes largely one of finding the antenna transfer function. Since the accuracy of the theoretically determined delay time is totally dependent on the adequacy of the antenna transfer function, two different methods are used to derive the transfer function. Numerical computations of the group delay using each transfer
The ranging problem can be explained using the Cassegrainian antenna in Fig. 1 as an example. For the sake of simplicity in explanation, it is assumed that the antenna has separate elevation-axis and azimuth-axis drive mechanisms. I't is also assumed that the two axes cross at point A , which can be taken as the antenna center of rotation. Let H be the phase center of the feed horn, F1 and F 2 be the two foci of the hyperboloidal subreflector, and F be the focus of the paraboloid. The operating principle of the Cassegrainian antenna requires that the phase center H of the feed horn be placed at F1 and that the two points F 2 and F coincide. For a large practical reflector antenna, these conditions are sometimes violated as the surface of the reflector deforms under changing gravity load conditions. In this communication axial displacement of the feed and the subreflector from their proper locations will be allowed. Let us assume that the antenna is tracking a point target B in the far field of the antenna. The ranging problem is to determine the distance of the point target B from a stationary reference point on the ground. Without loss of generality, the antenna center of rotation A can be taken as the stationary reference point on the ground, and the distance R in Fig. l(a) is then the range of the target to be determined. Assuming the time AB it takes the signal to travel from point A to point B has been determined experimentally, we must deduct from T A B the time that the signal is delayed in going through the waveguide (between points A and H ) and the antenna system and then translate the balance into the range R .
Both the envelope delay (time) and the group delay (time) will be examined. It is noted that an unambiguous determination of the envelope delay is possible only if the waveform of the signal EB at the point B is identical to that of the signal EA at the point A . This situation is shown in Fig. l(b) . In the event that EB differs from EA in shape as is shown in Fig. 1 (c) , the envelope delay can at best be approximately defined. For example, one might arbitrarily define the envelope delay as the time between the peak of EA and the peak of E*.
THE ANTENNA TRANSFER FUNCTION
We will now derive the transfer function of the Cassegrainian antenna. To this end the scattered field from the subreflector and the radiation field from the main reflector would have to be worked out. The transfer function is dependent on the technique one uses to calculate the diffraction from the two reflectors. In this communication the main reflector radiation is computed from physical optics (PO) while the subreflector diffraction can be computed from either geometric optics (GO) or geometric theory of diffraction (GTD). The latter technique has been demonstrated to yield results comparable to those computed from physical optics in the context of far-field approximations [ 41 .
A time dependent of eiw will be assumed in this communication. In addition, we define the following symbols. E"1 is t o be determined from the condition that the total radiated power from the feed is equal to the input power at point A . The factor e-jfi ' gives the phase delay due to the waveguide run from the time reference point A to the feed phase center H , where fl and I are the propagation constant and the physical length of the waveguide, respectively.
In the following derivation of the antenna transfer function, we will restrict ourselves to the case where the point targe: B in Fig. 1 is on the z-axis. In this case the unit radial vector R is identical to the unit vector 2. It is further assumed that in (1)
The physical meaning of (1) and ( 2 ) is that the feed has a symmetric tapered illumination pattern and is polarized in y . Under these conditions the y component of the far field at the point B in Fig. 1 represents the output field E g . Following the procedures outlined above for obtaining the subreflector scattered field and the antenna far field, it can be shown that The breakdown of S ( o ) into four transfer functions may appear arbitrary at this point, but it allows us to divide the total delay time into three parts attributable to the waveguide, the antenna, and the free space, respectively. This will become obvious in the next section. We will now consider an important special case where the subreflector scattered field is given by GO and there is no defocusing in the feed and subreflector positions. In this case it can be shown that (8) reduces to where 2a is the distance between the two vertices of the hyper-boloid and R , is the distance from F 2 to 9; the specular point of GO.
Note for the type of illumination assumed in (2), the integral in (8a) is a real constant independent of the frequency. The frequency dependence of the phase of S A N T in (8a) is thus given by the factor e--jh(2f+2a). For the more accurate SANT given in (8) , the frequency dependence of the phase factor will be somewhat different from e-jh(2f+2a) due to the diffraction from the edge of the subreflector. These observations on the frequency dependence of the phase of S A N T will help the reader understand the antenna delay characteristics presented in the following sections.
IV. GROUP DELAY TIME IN THE ANTENNA
Equating the phase on both sides of (6), we obtain
where is the signal phase delay between points A and B and @ A N T ( w ) is the phase of the antenna transfer function S A N T ( W ) . The total group delay time is given by
where V, is the signal group velocity in the waveguide and V c is the velocity of light in free space. Equation (1 2) gives the one-way ranging equation of the antenna. The meaning of each term on the right side of (12) is clear. The first term is the group delay in the waveguide between points A and H in Fig. 1 .
The last term gives the delay time in the free space between points F and B in Fig. 1 . Thus the second term must be the delay time in the antenna system In the special case that the transfer function in (8a) is used to obtain @ A N T , (13) reduces to the form expected from optics 2f + 2a
In this case the group delay in the antenna is a constant independent of the frequency and is equal to the time required of a signal to travel the optical path length of the antenna at the speed of light. It is of great interest to see whether the extremely simplified optics formula in (13a)
can be used as a practical substitute for the rigorous but complicated microwave formula given in (1 3). This question is answered next by numerical computations.
V. NUMERICAL RESULTS
In this section we will present the numerical results on the subreflector scattered field, the transfer function, and the 
A . Subreflector Scattered Field
With both the feed and the subreflector at focused positions, the subreflector scattered field at frequencies 0.99 fo is shown in Fig.  3 . The scattered field computed from GO is characterized by a smoothly tapered amplitude which drops to zero at the subreflector edge angle $J = Q = 61' and by a constant phase corresponding to a spherical wave emanating from the paraboloid focus F. The scattered field computed from GTD shows an oscillatory variation from the GO field in both amplitude and phase. In addition, the field amplitude does not drop to zero at the subreflector edge.
B. Antenna Transfer Function
The amplitude and phase of the antenna transfer functions in (8) and (8a) is also the relative gain of the antenna over an isotropic radiator. It is noted that the gain computed includes the effect of nonuniform aperture illumination but not spillover losses. The antenna gain is slightly higher when the subreflector scattered field is computed from GO rather than the more accurate GTD. At the center frequency f o = 2.295 GHz, for example, the relative gain of the two cases are 54.84 and 54.63 dB, corresponding to 84.6 and 80.7 percent illumination efficiency, respectively. There is also a difference of about 2O in the phase of the transfer functions which is not noticeable in Fig. 4(b) because of the scale factor.
C. The Group Delay Time-Focused Antenna
The group delay time as computed from (1 3), using the transfer function in (8) , is shown in Table I . Alternatively, the group delay time as computed from (13a) is 83.757 ns. Since any delay error of the magnitude of 0.01 ns (corresponding to a range error of 3 mm) is not of concern at present, the Cassegrainian antenna can be considered a nondispersive device over the 1.5 percent frequency band of interest. The small frequency variations of antenna group delay shown in Table I are due to the edge diffraction from the subreflector. It is expected that as subreflector diffraction becomes more significant (as the subreflector gets smaller in terms of wavelengths) frequency variation of antenna group delay will become more significant.
D. The Group Delay Time-Defocused Subreflector
While the optics formula in (13a)
can only be applied in dealing with an ideal Cassegrainian antenna, the microwave formula in (13) remains valid when there are imperfections in the antenna system due to varying antenna operating environments. As an example, the delay time in the same antenna with a defocused subreflector has been computed using (13) and is shown in Table 11 . The change in delay time for small displacements of the subreflector can amount to tenths of a nanosecond. This is considered significant in many ranging and interferometer applications and should be calibrated accordingly.
VI. CONCLUSIONS
An approach has been presented in which the time an RF signal is delayed in propagating through a Cassegrainian antenna 
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It is well-known [ 11 that the reflector of a reflector-type antenna scatters a portion of its energy back into the primary propagation of the signal only. It is recognized that the signal could propagate to the far field via many secondary paths which exist by virtue of multiple reflections within the antenna and radiation from the struts supporting the subreflector. To the extent that the secondary path signals could be ignored, the Cassegrainian antenna has been shown to be an essentially nondispersive device. At present the effects of the secondary path signals on the antenna ranging performance are not fully understood and are the subject of investigation by theoretical and experimental means [ 61 , [ 71. 
